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ABSTRACT
Context. On the basis of its low luminosity, its chemical composition, and the absence of a large-scale outflow, the dense core Cha-
MMS1 located in the Chamaeleon I molecular cloud was proposed as a first hydrostatic core (FHSC) candidate a decade ago.
Aims. Our goal is to test this hypothesis by searching for a slow, compact outflow driven by Cha-MMS1 that would match the
predictions of MHD simulations for this short phase of star formation.
Methods. We use the Atacama Large Millimetre/submillimetre Array (ALMA) to map Cha-MMS1 at high angular resolution in CO
3–2 and 13CO 3–2 as well as in continuum emission.
Results. We report the detection of a bipolar outflow emanating from the central core, along a (projected) direction roughly parallel
to the filament in which Cha-MMS1 is embedded and perpendicular to the large-scale magnetic field. The morphology of the outflow
indicates that its axis lies close to the plane of the sky. We measure velocities corrected for inclination of more than 90 km s−1
which is clearly incompatible with the expected properties of a FHSC outflow. Several properties of the outflow are determined and
compared to previous studies of Class 0 and Class I protostars. The outflow of Cha-MMS1 has a much smaller momentum force than
the outflows of other Class 0 protostars. In addition, we find a dynamical age of 200–3000 yr indicating that Cha-MMS1 might be
one of the youngest ever observed Class 0 protostars. While the existence of the outflow suggests the presence of a disk, no disk is
detected in continuum emission and we derive an upper limit of 55 au to its radius.
Conclusions. We conclude that Cha-MMS1 has already gone through the FHSC phase and is a young Class 0 protostar, but it has not
brought its outflow to full power yet.
Key words. stars: formation – stars: protostars – ISM: individual objects: Cha-MMS1 – ISM: jet and outflows
1. Introduction
Star formation undergoes several stages. In the early phase, an
initial pre-stellar core collapses gravitationally and when ther-
mal pressure is high enough, forms a hydrostatic core in the cen-
tre which is called a Class 0 protostar. However, according to the
former theoretical work of Larson (1969), there is an additional
intermediate state whose central core is larger and less dense
than the subsequent Class 0 protostar. This intermediate phase
is referred to as the first hydrostatic core (FHSC) phase. This
first core forms when thermal pressure balances the gravitational
force and for a moment, ceases the collapse with the gas being
still molecular. As accretion continues the central temperature
keeps increasing. At a temperature of 2000 K, H2 dissociates
which consumes energy and eventually leads to a second, fast
collapse until pressure again balances the gravitational force and
the second core or Class 0 protostar forms, subsequently. Since
the FHSC stage is expected to be short-lived (∼1000 yr for a
strongly magnetized core, Commerc¸on et al. 2012), its detection
is rather challenging and until now, only one of the candidates,
Barnard 1b-N (Gerin et al. 2015), seems to fulfil the require-
? The reduced datacubes are available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr(130.79.128.5) or via http://cdsarc.u-
strasbg.fr/viz-bin/qcat?J/A+A/
ments predicted by magneto-hydrodynamic (MHD) simulations.
The results of such simulations depend on the level of rota-
tion and the mass-to-magnetic-flux ratio but they generally show
the FHSC to be the driving source of a poorly collimated, low-
velocity outflow (∼ 5 km/s) (e.g., Hennebelle & Fromang 2008;
Machida et al. 2008; Ciardi & Hennebelle 2010; Commerc¸on
et al. 2010; Tomida et al. 2010; Machida 2014), unlike Class 0
protostars which after formation launch a highly collimated jet
with velocities of >30 km/s (Banerjee & Pudritz 2006; Machida
et al. 2008; Machida 2014). Given its low velocity, the outflow
remains very compact at the end of the FHSC stage (∼1000 au
for a speed of 5 km/s and a lifetime of 1000 yr). Simulations also
predict internal luminosities of 0.1 L over most of the FHSC’s
lifetime (Commerc¸on et al. 2012). Gerin et al. (2015) detected
a slow, compact outflow associated with Barnard 1b-N as the
driving source. This detection, along with a dynamical age of
∼1000 yr and a low internal luminosity strongly suggest that
Barnard 1b-N is a FHSC.
Another promising candidate has been proposed in the past.
The dense core Cha-MMS1 is embedded in a filament within
the Chamaeleon I molecular cloud (Belloche et al. 2011) at a
distance of 192 pc (Dzib et al. 2018). After it has been classi-
fied as a Class 0 protostar (Reipurth et al. 1996; Lehtinen et al.
2001), Lehtinen et al. (2003) did not detect cm-wavelength con-
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Table 1. Setup of the ALMA observations.
Conf. Date of tstarta Nab Baseline tintd pwve Calibrators f Beamg
observation (UTC) rangec B A P maj. min. P.A.
(yyyy-mm-dd) (hh:mm) (m) (min) (mm) (′′) (′′) (◦)
1 2015-12-29 08:42 40 15–310 34 0.4 1 2 3 1.0 0.80 9
2015-12-30 07:56 39 15–310 34 0.6 4 2 3 1.1 0.79 −4
2 2016-06-16 22:37 38 17–704 46 0.9 1 4 3 0.51 0.30 30
2016-06-17 23:31 36 17–650 46 0.6 1 4 3 0.58 0.31 42
2016-06-18 01:02 36 17–650 46 0.5 1 4 3 0.63 0.32 65
Notes. (a) Start time of observation. (b) Number of ALMA 12 m antennas. (c) Minimum and maximum projected baseline separations. (d) On-source
integration time. (e) Precipitable water vapour content of the atmosphere ( f ) Bandpass (B), amplitude (A), and phase (P) calibrators. The calibrators
are: 1: J1427-4206, 2: Callisto, 3: J1058-8003, 4: J1107-4449. (g) Major and minor axes (FWHM) and position angle East from North of the
synthesized beam at 345.8 GHz.
tinuum emission suggesting it to be either in an earlier protostel-
lar phase or pre-stellar. Belloche et al. (2006) found high deu-
terium fractionation levels of HCO+ and N2H+ which are typical
for evolved pre-stellar or young protostellar cores (e.g., Crapsi
et al. 2005; Emprechtinger et al. 2009). In addition, the detec-
tion of Cha-MMS1 at 24 µm by the Spitzer Space Telescope
led Belloche et al. (2006) to infer that a compact, hydrostatic
core is already present. The comparison of the deuterium frac-
tionation and IR flux of Cha-MMS1 to values of various known
pre-stellar cores and Class 0 protostars led them to conclude that
it might be a FHSC or an extremely young Class 0 protostar.
Additionally, they failed to detect large-scale CO 3–2 outflows
with the APEX telescope suggesting that it may not have en-
tered the Class 0 phase yet. Tsitali et al. (2013) derived an inter-
nal luminosity for Cha-MMS1 ranging from 0.08 to 0.18 L by
comparison with FHSC predictions from RMHD simulations1.
Furthermore, they found clear signatures of infall and rotation
which again, according to simulations, are required ingredients
for the launch of an outflow (Commerc¸on et al. 2012). They also
report wing emission in the central spectra of CS 2–1 and broad-
ened blue and red peaks of CO 3–2 which are not reproduced
by their infall model. These features may originate from a com-
pact outflow consisting of denser, high-velocity material close
to the centre of the core but they could also be partly due to
extended emission emanating from the nearby Class I protostar
Ced 110 IRS 4 (Tsitali et al. 2013; Belloche et al. 2006). To
find out whether Cha-MMS1 drives an outflow on small scales
and hence clarify its current evolutionary stage, we performed
observations at high angular resolution with the Atacama Large
Millimetre/submillimetre Array (ALMA) and report the results
in this paper. Section 2 describes the observational setup and the
data reduction steps. The results are presented in Sect. 3 and dis-
cussed in Sect. 4. The conclusions are given in Sect. 5.
2. Observations and data reduction
2.1. Observations
We used ALMA to observe Cha-MMS1 in CO 3–2 and
13CO 3–2 emission. The field was centred at (α, δ)J2000=
(11h06m33.s13,−77◦23′35.′′1), which are the coordinates of the
counterpart of Cha-MMS1 detected with the MIPS instrument
on board of the Spitzer satellite as reported by Belloche et al.
(2011). The Band 7 receiver was tuned to 345.8 GHz. The size
1 Tsitali et al. (2013) assumed a distance of 150 pc and an inclination
of Cha-MMS1 to the line of sight of 45◦ < i < 60◦. With a distance of
192 pc, this range turns into 0.13–0.29 L.
of the primary beam of the 12 m antennas is 16.8′′ (HPBW) at
345.8 GHz (Remijan et al. 2015). The observations were con-
ducted in several sessions during Cycle 3 in two different con-
figurations, with baselines up to 310 m for the first configura-
tion and up to 700 m for the second one (see Table 1). The
shortest baselines of 15–17 m imply a maximum recoverable
scale of about 7′′. The synthesized beam size at 345.8 GHz is
∼ 1.0′′ × 0.8′′ for the first configuration and 0.6′′ × 0.3′′ for the
second one. The bandpass, amplitude, and phase calibrators are
indicated in Table 1.
The data was recorded over four spectral windows, two
broadband ones for the continuum emission covering the fre-
quency ranges 331.6–333.6 GHz and 342.8–344.8 GHz with a
spectral resolution of 15.6 MHz, and two narrowband ones cov-
ering 330.47–330.70 GHz and 345.66–345.90 GHz with a spec-
tral resolution of 122.1 kHz (∼0.11 km s−1) to target 13CO 3–2
and CO 3–2, with rest frequencies of 330587.9653 MHz and
345795.9899 MHz, respectively.
2.2. Data reduction and imaging
The data was calibrated with the Common Astronomy Software
Applications package (CASA), version 4.5.0 for the first con-
figuration and version 4.5.3 for the second one. We used the
procedures provided by the Joint ALMA Observatory to apply
the bandpass, amplitude, and phase calibrations. The splitting
of the continuum and line emission was performed in the uv
plane with the CASA task uvcontsub, with a polynomial fit of
order 1. We used version 4.7.1 of CASA to image the calibrated
data after merging the five datasets. The imaging was done with
the CASA task clean with Briggs weighting, a robust parame-
ter of 0.5, and a threshold of 13 mJy for CO 3–2, 17 mJy for
13CO 3–2, and 0.15 mJy for the continuum. We produced cubes
and images with 512 × 512 pixels, a pixel size of 0.07′′, and
a channel width of 122.1 kHz. The imaged data has an rms of
3.6 mJy/beam and 4.7 mJy/beam per channel for CO 3–2 and
13CO 3–2, respectively, and 0.053 mJy/beam for the continuum
emission. The synthesized beams (HPBW) are 0.58′′ × 0.37′′,
0.62′′ × 0.41′′, and 0.59′′ × 0.38′′ with position angles East from
North of 47◦, 48◦, and 47◦, respectively. During the course of
data analysis in the subsequent sections, we used the data cubes
with different spectral resolutions. The smoothing was done us-
ing the smooth box command of the GILDAS/CLASS software
which computes the average intensity of a number of channels.
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Fig. 1. a) CO 3–2 integrated intensities (blue and red contours) observed with ALMA toward Cha-MMS1. The continuum emission
is shown in greyscale with black contours. The large yellow cross marks its peak position. The CO emission is integrated over the
velocity ranges [−6.1, 3.4] km s−1 (blue) and [5.5, 21.8] km s−1 (red). The contours are −2.5σ, 2.5σ, 5σ, and then increase by a
factor of two at each step with σ = 7.04 mJy/beam km/s, 9.06 mJy/beam km/s, and 0.05 mJy/beam for the blueshifted, redshifted,
and the continuum emission, respectively. The HPBW is shown in the bottom left corner. The yellow crosses mark the positions of
the spectra shown in Fig. 2. The green dashed arrows indicate the axes along which position-velocity diagrams were taken for Figs. 3
and A.1. B1 and R1 term the less-collimated blue- and redshifted structures, respectively. b) Same as a) but zoomed in on the central
region. The phase centre is marked with a green cross in this panel. c) CO 3–2 integrated intensities observed with APEX toward
Cha-MMS1 (cross) (adapted from Belloche et al. 2006). The redshifted [6.6,9.8] km s−1, blueshifted [-0.2,1.0] km s−1, and less
blueshifted [1.2,2.4] km s−1 emission are plotted as solid red, solid blue, and dashed blue contours, respectively. The first contour
and step are 3σ, 6σ, and 3σ with σ = 0.13, 0.13, and 0.24 K km/s, respectively, as in Belloche et al. (2006). The HPBW is shown
in the bottom left corner. The star and square symbols mark positions of NIR (Persi et al. 2001) and 3.5 cm sources (Lehtinen et al.
2003), respectively. d) Same as c) but for CO 3–2 integrated intensities at velocities close to 3sys. The redshifted [5.5,6.6] km s−1
emission is shown as dotted (3σ), dashed (6σ), and solid (9σ) contours with σ = 0.13 K km s−1. The blueshifted [2.4,3.4] km s−1
emission is plotted as solid contours. The first contour and the steps are 6σ with σ = 0.13 K km s−1. The small box corresponds to
the field of view shown in a).
3. Results
3.1. Continuum emission
The map of continuum emission averaged over both sidebands is
shown in Fig. 1 in greyscale. The emission is centrally peaked.
We performed an elliptical Gaussian fit in the uv plane in order
to derive the peak position, size, and flux density of the compact
emission. We used the task uv fit of the GILDAS/MAPPING
software2 for this purpose. The fit was performed on the visibil-
ities of each sideband separately. We obtain an average peak po-
sition of 11h06m33.s231 − 77◦23′34.′′23 and an average emission
size (FWHM) of (0.61′′±0.01′′)×(0.57′′±0.02′′) with a position
angle 50◦±10◦. At a distance of 192 pc, the geometrical mean of
the angular sizes translates into a radius of ∼55 au. The total flux
2 see http://www.iram.fr/IRAMFR/GILDAS.
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density of the fitted Gaussian is 24.0±0.1 mJy and 25.1±0.1 mJy
in the lower and upper sidebands, respectively. The cleaned map
of the residual visibilities contains a weak (< 1 mJy/beam), ex-
tended (∼0.5′′) structure, a weak (> −1 mJy/beam), negative
residual ring, and an unresolved component at the peak position,
with a peak flux density of ∼2 mJy/beam. The residual negative
ring and unresolved component may both result from our as-
sumption of a Gaussian shape to fit the envelope in the uv plane
while it may actually have a power-law structure.
Following Appendix B.4 of Belloche et al. (2011), we as-
sume a dust mass opacity κ345 GHz = 0.02 cm2 g−1 of gas to
convert the total flux density of the fitted Gaussian component
into a gas mass. With a luminosity of ∼0.2 L, we expect a dust
temperature on the order of 30 K at a radius of 55 au (Terebey et
al. 1993; Motte & Andre´ 2001). With these assumed dust mass
opacity and temperature, we obtain a mass of 2.7×10−3 M pro-
vided the continuum emission is optically thin. The flux density
of the Gaussian component derived above corresponds to about
1 K in temperature scale. This is much smaller than the assumed
dust temperature and thus confirms that the dust emission is still
optically thin at the scales traced here with ALMA.
3.2. Detection of a fast outflow
Figure 2b shows the CO 3–2 spectrum toward the position of
the continuum peak determined in Sect. 3.1 and marked as a
large yellow cross in Fig. 1a. It is located at (0.33′′,0.87′′) from
the phase centre. The lines are broad with strong wing emis-
sion suggesting outflow-like structures to be present. Figure 1a
shows CO 3–2 integrated intensity maps which reveal a bipolar
outflow originating from the centre of Cha-MMS1 with an axis
approximately along the northeast (NE) southwest (SW) direc-
tion. Figure 1b zooms in on the continuum and outflow emission
to better display the structures close to the centre. The inner in-
tegration limits used in the integrated intensity maps in Fig. 1a
and 1b are chosen such that the outflow emission remains clearly
distinguishable from the emission of the surrounding envelope in
the channel maps, with values of 3.4 km s−1 and 5.5 km s−1 for
the blue- and redshifted emission, respectively. The outer inte-
gration limits are determined by investigating the CO data cube
containing spectra smoothed over eight channels (after imag-
ing). The smoothed channel maps are shown in Fig. C.1. We
search for faint emission which can still be associated with the
outflow. We find a minimum velocity of −6.1 km s−1 (blue) at
(−1.2′′,−1.8′′) from the continuum peak and a maximum veloc-
ity of 21.8 km s−1 (red) at (0.5′′, 0.4′′) from the continuum peak
which we set as the outer integration limits. This yields veloci-
ties of −10.6 km s−1 and 17.4 km s−1 with respect to the systemic
velocity 3sys = 4.43 km s−1 (Belloche et al. 2006) for the blue-
and redshifted emission, respectively.
In Figs. 2a and 2c, we show additional CO 3–2 spectra to-
ward positions of peak outflow intensities marked as small yel-
low crosses in Figs. 1a and 1b. The spectrum in Fig. 2a is located
at (1.8′′, 1.6′′) from the continuum peak position in the NE lobe.
It shows lower peak intensities compared to the other two spectra
but reveals significant emission at high velocities. The spectrum
in Fig. 2c is located at (−0.7′′,−1.1′′) from the continuum peak
position in the SW lobe. It shows higher intensities compared to
the other spectra and even broader wings.
Figures 3a and 3b show the position-velocity (PV) diagrams
along the outflow axes indicated as green dashed arrows and la-
belled D1 and D2 in Fig. 1a. The morphology of the outflow and
PV diagrams are similar to case 3 of Cabrit & Bertout (1990)
where both lobes contain red- as well as blueshifted emission
Fig. 2. CO 3–2 spectra observed with ALMA toward Cha-
MMS1 in brightness temperature scale and smoothed over five
channels. The spectra are taken toward three positions marked
with yellow crosses in Fig. 1: a) in the NE lobe, b) at the peak
of the continuum emission, and c) in the SW lobe. The red and
blue dashed lines correspond to the integration intervals defined
in Sect. 3.2 while the black dashed line indicates the systemic ve-
locity of Cha-MMS1, 3sys = 4.43 km s−1 (Belloche et al. 2006).
indicating that it is oriented almost in the plane of the sky. We
give an estimate of the inclination in Sect. 3.4.
The PV diagrams reveal that the outflow emission covers
a wide range of velocities, especially the redshifted emission
along D1 and it shows bumps toward higher velocities which we
label K1-K6. These bumps suggest the occurrence of episodic
ejections. In Figs. 3c-h, we show spectra taken along D1 and
D2 indicated as green ticks on the x-axis in the PV diagrams.
These spectra reveal multiple peaks that are characteristic of bul-
lets resulting from an intermittent ejection process (see Bachiller
1996). We interpret the contour at ∼8 km s−1 marked as F0 in
Fig. 3a as tracing the slow-moving cavity at the interface with
the ambient medium inside which the fast bullets propagate.
Assuming that the high velocities represent those of bullets
rather than the bulk velocity of the outflow, we define maximum
velocities such that the full length of each outflow component
is still maintained using the channel-maps in Fig. C.1. We will
use these values in Sect. 3.8.2. We find 3′max = |3max − 3sys| =
4
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Fig. 3. a)-b) CO 3–2 position-velocity diagrams along the out-
flow axes a) D1 and b) D2 shown as green dashed arrows in
Fig. 1a. The origin of the position axes corresponds to the con-
tinuum peak. The intensity is smoothed over five channels. The
contours are −6σ, −3σ, 3σ, 6σ, 12σ, 18σ, 24σ 48σ, 96σ, and
192σ with σ = 2.0 mJy/beam. The red and blue dashed lines
show the inner and outer integration limits. c)-h) CO 3–2 spec-
tra in brightness temperature scale taken along D1 and D2 at
the positions marked as green ticks on the x-axis in the PV dia-
grams in a) and b). K1–K6 denote the bumps corresponding to
the bullets and F0 the bulk flow. The intensity is smoothed over
two channels. In all panels, the black dashed line indicates the
systemic velocity of Cha-MMS1.
2.6 km s−1 and 2.1 km s−1 for the blueshifted emission in the
SW and NE lobes, respectively, and 4.7 km s−1 and 11.5 km s−1
for the redshifted emission in the SW and NE lobes, respectively.
However, as mentioned above (F0), the bulk velocity of the red-
shifted emission in the NE lobe may rather be 3′max = 3.6 km s−1
with respect to the systemic velocity.
Further, we measure projected spatial extents for each lobe
which range from 4′′ to 13′′ where we did not include the sep-
arated emission labelled B1 in Fig. 1a. These values yield pro-
jected outflow lengths of 800–2500 au at a distance of 192 pc.
The observed velocities and the length of each lobe are sum-
marised in Table 2.
3.3. Morphology of the outflow
The maps in Figs. 1a and 1b further show that the NE and SW
lobe possess different position angles. The axis of the NE lobe
Table 2. Properties of each lobe of the outflow of Cha-MMS1
determined from CO 3–2 ALMA observations.
Lobe 3maxa 3′max
b Rprojlobe
c Rprojlobe
d
(km s−1) (km s−1) (′′) (103 au)
Red
NE 15.9 11.5 12.5 2.4
NE-F0∗ 8.0 3.6 12.5 2.4
SW 9.1 4.7 13.0 2.5
Blue NE 2.3 2.1 7.4 1.4SW 1.8 2.6 4.2 0.8
Notes. (a) Minimum (blueshifted) and maximum (redshifted) velocities
for which the full length of a lobe is still maintained. (b) Maximum ve-
locities 3′max = |3max − 3sys| with 3sys = 4.43 km s−1. (c) Projected length
of a lobe along the outflow axis. (d) Projected and deconvolved (beam
major axis 0.58′′) length of a lobe at a distance of D = 192 pc.
(∗) NE-F0 represents the case where the bulk velocity of the NE lobe is
traced by F0 in Fig. 3a.
is at ∼50◦ while the axis of the SW lobe is at ∼ −150◦ which
means that they are tilted by ∼20◦ with respect to each other.
Regarding the redshifted emission, the axis of the SW lobe re-
veals another conspicuous change of position angle to ∼ −120◦
at (−1.9′′,−1.9′′) from the continuum peak position. The emis-
sion along this second axis in the SW lobe (labelled R1 in
Fig. 1a) gets less and less collimated with distance to the cen-
tre. Farther in the southwest, there is also extended blueshifted
emission labelled B1 in Fig. 1a which appears at low velocities
(see also Fig. C.1). Figure A.1 shows the PV diagram along R1
and B1 which is taken along the green dashed arrow labelled
D3 in Fig. 1a. The arrow covers exactly the range of positions
displayed in the PV-diagram. In Sect. 4.4, we discuss these pe-
culiarities in the morphology in more detail.
Figure 1c shows CO 3–2 integrated intensity maps obtained
on larger scales with the single-dish APEX telescope reported by
Belloche et al. (2006). They are dominated by an outflow driven
by the nearby Class I protostar IRS 4. Additionally, in Fig. 1d,
we show the APEX emission integrated over [5.5,6.6] km s−1
and [2.4,3.4] km s−1 to include the lowest velocities comprised in
the ALMA integration ranges. This emission reveals large-scale
structures probably tracing the ambient material in the filament
which is filtered out in the interferometric maps.
3.4. Inclination of the outflow
Based on the integrated intensity maps and the PV diagrams
we already concluded that the outflow axis is almost perpen-
dicular to the line of sight. The inclination i is in the range
90◦ − θ/2 < i < 90◦ + θ/2 where θ is the opening angle of the
outflow. By using geometry, we determine θ = 22◦ ± 3◦ for the
more extended northeastern redshifted lobe which we adopt for
both lobes. Hence, the inclination angle of Cha-MMS1 is in the
range 79◦ < i < 101◦.
We use the minimum value of 79◦ to deproject the veloc-
ities. Considering the highest velocities reported in Sect. 3.2,
we find maximum deprojected velocities of 55.2 km s−1 for the
blueshifted emission and 91.0 km s−1 for the redshifted emis-
sion. If the true inclination is higher than 79◦, the velocities will
be even higher.
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Table 3. Mass and momentum of the outflow.
Lobe Mobsa Mcorrb Pobsc Pcorrd
(10−4 M) (10−4 M) (10−4 M km s−1) (10−4 M km s−1)
τ12 << 1 τ12 = 5 << 1 5 << 1 5 << 1 5
NE 0.3 1.0 1.2 4.6 1.1 4.9 5.1 23.9
SW 1.0 1.7 4.4 7.5 1.2 3.0 5.8 14.2
Notes. (a) Observed outflow mass computed from 13CO where detected, and 12CO elsewhere assuming either optically thin (τ12 << 1) or thick
(τ12 = 5) CO emission. (b) Outflow mass corrected for missing material at ambient velocities and hidden atomic material. (c) Observed outflow
momentum computed with the same approach as for the mass. (d) Outflow momentum corrected for missing material at ambient velocities and
hidden atomic material.
Table 4. Dynamical time and momentum of the outflow from the perpendicular method.
Wlobea 〈3′〉b tperpc tcorrd Fperpe Fcorr f
(102 au) (km s−1) (102 yr) (102 yr) (10−6 M km s−1 yr−1) (10−6 M km s−1 yr−1)
τ12 << 1 5 << 1 5 << 1 5 << 1 5 << 1 5
i 60◦ 90◦ 60◦ 90◦ 60◦ 90◦ 60◦ 90◦
NE 3.3 3.8 4.9 1.4 1.1 2.1 1.6 1.7 1.3 0.8 4.6 2.0 3.7 11.4 21.6
SW 2.0 1.2 1.7 2.6 1.8 4.1 3.1 2.8 2.2 0.5 1.6 1.2 2.2 4.1 7.7
Notes. (a) Maximum deconvolved (beam minor axis 0.37′′) radius of a lobe. (b) Intensity-weighted velocity for both opacity assumptions.
(c) Dynamical age calculated with the perpendicular method (DC07) for both opacity assumptions. (d) tperp corrected for projection effects.
(e) Momentum force calculated with the perpendicular method for both opacity assumptions.( f ) Fperp corrected for projection effects and hidden
atomic material.
Fig. 4. CO 3–2 (solid black) and 13CO 3–2 (dotted black) spec-
tra at the peak position of Cha-MMS1 in brightness temperature
scale. Green square symbols show the ratio of CO to 13CO in-
tensity while green arrows indicate lower limits of this ratio after
smoothing over four channels. The scale is given on the first right
axis. The optical depth scale is shown on the second right axis.
The red and blue dashed lines mark the inner integration limits
while the black dashed line indicates the systemic velocity of
Cha-MMS1.
3.5. Optical depth
Both, CO 3–2 as well as 13CO 3–2 show strong self-absorption
close to 3sys indicating high optical depths (see Figs. 2 and 4).
To find out whether the CO emission remains optically thick in
the wings of the spectral line, that is in the outflow, we compute
the ratio of CO to 13CO emission. Figure 4 shows the spectra of
CO and 13CO toward the continuum peak position with the ratio
of the intensities overlaid as green square symbols. We plot the
ratio only for values of I(13CO) higher than 2.5σ. Unfortunately,
the sensitivity of our 13CO data is not high enough to provide
significant ratios far out in the wings. Therefore, we average the
13CO wing emission over four channels and use the smoothed
spectra down to 3σ. For channels with an intensity below this
threshold, we use 3σ as an upper limit to I(13CO). We pursue
this calculation until I(CO) ≈ 5σ. The resulting lower limits of
the ratio are indicated with green arrows in Fig. 4. Based on the
intensity ratio, the optical depth τ12 can be estimated using
I(CO)
I(13CO)
=
1 − e−τ12
1 − e−τ13 (1)
with τ13 = τ12/X where X is the local ISM 12CO/13CO isotopic
ratio equal to 77 (Wilson & Rood 1994). The opacity scale is
displayed on the outer right axis of Fig. 4. Toward the contin-
uum peak position, we find high optical depths τ12 & 100 for the
emission close to 3sys as expected. At the inner integration limit,
the optical depth is still at ∼15 for the blueshifted emission and it
decreases to 6 at ∼2.8 km s−1. The optical depth of the redshifted
emission remains higher than 30 up to at least ∼6.2 km s−1. The
lack of sensitivity of the 13CO observations prevents us to de-
rive the opacity below 2.8 km s−1 in the blue wing and above
6.2 km s−1 in the red wing. Hence, for the following calcula-
tions, we will use the 13CO as well as the 12CO emission (see
Zhang et al. (2016) for a similar strategy applied to the HH 46/47
outflow). For each pixel in the outflow, the 13CO emission is
smoothed over four channels, corrected for optical depth where
possible using Eq. 1, and integrated until the intensity reaches
a certain threshold. When the emission drops below this thresh-
old, we use the 12CO emission where we assume two cases, an
average optical depth of τ12 = 5 and optically thin emission.
3.6. Outflow mass
We derive the outflow mass using integrated intensities which
are first converted to column densities and subsequently, to mass
by using the following equation:
Mobs = K
∑
lobe
(
X
∫ 3th
3in
F13τ I(
13CO) d3 +
∫ 3out
3th
F12τ I(
12CO) d3
)
, (2)
where the sum is over all pixels in the respective lobe (see below
and Fig. C.1), F12τ and F
13
τ = τ13/(1 − e−τ13 ) are correction fac-
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tors for optical depth, and K = 5.07 × 10−10 M s K−1 km−1 is
the conversion factor from intensity to mass. The calculation of
K is adopted from van der Marel et al. (2013) (hereafter vdM13)
where we assume an excitation temperature of 30 K and a CO
abundance of 8.3 × 10−5 relative to H2 (vdM13). As mentioned
in Sect. 3.5, we account for the high optical depths at the in-
ner velocity cut-offs by using the 13CO emission for the mass
calculation. Alike the inner integration limits for CO, we de-
fine them for 13CO by investigating the channel maps which
we show in Fig. C.2. We detect 13CO outflow emission down to
3in = 4.9 km s−1 and 3.8 km s−1 for the red- and blueshifted emis-
sion, respectively. Starting from these velocities, we integrate the
13CO emission as long as it is detected above 3.4σ and 3.8σ for
the blue- and redshifted emission, respectively, and multiply it
by the isotopic ratio X = 77. The thresholds are chosen such that
we certainly avoid the contribution of noise to the calculation.
Since the 13CO emission also shows high optical depths close to
the systemic velocity, we apply the correction factor F13τ when-
ever the intensity ratio of the isotopologues drops below 3.9, that
is whenever the correction becomes significant. In some chan-
nels the ratio drops below 1 (see, e.g., Fig. 4 at ∼6 km s−1). In
these cases we do not apply any correction factor and assume
optically thin emission. When the 13CO emission drops below
the intensity thresholds at 3th, we use the CO emission and in-
tegrate to the outer integration limits 3out defined in Sect. 3.2.
Here, we apply the correction F12τ assuming the two cases of ei-
ther optically thin (τ12 << 1) or thick emission (τ12 = 5). The
calculation is applied to every position in the respective lobe.
We define masks for the red- and blueshifted emission of the
NE and SW lobes, respectively, based on the integrated intensity
maps in Fig. 1a. The used masks are shown in the first panel in
Fig. C.1. The resulting observed outflow masses are summarised
in Table 3 and lie in ranges of Mobs = (0.3 − 1.0) × 10−4 M and
(1.0 − 1.7) × 10−4 M for the NE and SW lobes, respectively.
In order to get the true mass, we apply two correction fac-
tors introduced by Downes & Cabrit (2007) (hereafter DC07).
First, we want to account for material at low velocities which
we may miss because its velocity is too close to the systemic
velocity of Cha-MMS1. This correction factor depends on two
parameters, the ratio of the jet to the ambient material density
η and inclination. At the scale where we detect the outflow of
Cha-MMS1, we assume the outflow to be less dense than the
ambient material, with η = 0.1. The inclination estimate of Cha-
MMS1 is in between α = 0◦ and 30◦ with α = 90 − i, hence,
we use an average value of 0.35−1 (see column 8 in Table 3 in
DC07). The second correction factor 0.64−1 (column 2 of Table 1
in DC07) accounts for hidden atomic material. These corrections
increase the outflow masses to Mcorr = (1.2−4.6)×10−4 M and
(4.4−7.5)×10−4 M for the NE and SW lobes, respectively. The
values are listed in Table 3.
3.7. Outflow momentum
Similarly to the calculation of the outflow mass, we also deter-
mine the momentum of the outflow by
Pobs = K
∑
lobe
(
X
∫ 3th
3in
F13τ I(
13CO) 3′ d3 +
∫ 3out
3th
F12τ I(
12CO) 3′ d3
)
(3)
where before integrating, we multiply the intensity of each chan-
nel by the corresponding velocity 3′ = |3−3sys|. Depending again
on optical depth of the CO emission, the observed momentum
lies in a range of Pobs = (1.1 − 4.9) × 10−4 M km s−1 and
(1.2 − 3.0) × 10−4 M km s−1 for the NE and SW lobes, respec-
tively.
DC07 investigated the influence of an inclination correction
on the momentum and concluded that for any inclination, a cor-
rection will overestimate the momentum especially in our case
where the outflow is oriented almost in the plane of the sky.
That is why we will not correct the momentum for inclination
but only for missing material close to 3sys by multiplying with
0.46−1 (column 10 of Table 3 in DC07), and for hidden atomic
material by multiplying with 0.45−1 (column 3 of Table 1 in
DC07). Considering again an inclination α between 0◦ and 30◦,
the former correction denotes an average value. Then, the mo-
menta increase to Pcorr = (5.1 − 23.9) × 10−4 M km s−1 and
(5.8 − 14.2) × 10−4 M km s−1 for the NE and SW lobes, re-
spectively. The values of observed and corrected momentum are
listed in Table 3.
3.8. Age and momentum force of the outflow
Given mass, momentum and projected length of the outflow, we
can estimate the dynamical age and determine the momentum
force of the outflow. To do so, we use the perpendicular method
of DC07 (M5 in vdM13) which, according to the authors, pro-
vides the most accurate results compared to other methods in-
troduced in their paper because it has no strong dependence on
inclination. Although the perpendicular method is believed to
yield the best estimates on the dynamical age and the momen-
tum force of the outflow, there is the more commonly used 3max
method (Cabrit & Bertout 1992, DC07, M1 in vdM13). We will
additionally give the results of this method for a better compar-
ison to the results published in the past for outflows of other
young protostars.
3.8.1. Perpendicular Method
The method considers most of the slow-moving material to be in
transverse motion. Hence, we use the maximum outflow radius
Wlobe measured perpendicular to the jet axis as the characteris-
tic length. We use the channel maps in Fig. C.1 at 5.7 km s−1
and 4.0 km s−1 to measure the maximum radii of the lobes, and
find ∼330 au and ∼200 au for the NE and SW lobes, respec-
tively. Further, this method uses an intensity-weighted velocity
〈3′〉 (Cabrit & Bertout 1992, DC07) which we determine by us-
ing Eq. 2 and 3 such that
〈3′〉 = Pobs
Mobs
. (4)
We find 〈3′〉 ∼ 5 km s−1 for the NE lobe and 〈3′〉 ∼ 2 km s−1 for
the SW lobe. The values of Wlobe and 〈3′〉 are listed in Table 4.
Given these values, we estimate the age of the outflow using the
following equation from DC07:
tperp =
Wlobe
3 〈3′〉 . (5)
The results span a range of 100–300 yr depending on the lobe
and optical depth. Again, we apply a correction factor to account
for projection effects due to the inclination. Table 4 gives the
corrected values for i = 90◦ and 60◦ using the correction factors
giving in column 3 of Table 7 in DC07 (0.83−1 for α = 0◦ and
0.64−1 for α = 30◦). This correction does not increase the age
significantly. The maximum age is now 400 yr.
The observed momentum force is calculated with Fperp =
Pobs/tperp which yields (0.8 − 4.6) × 10−6 M km s−1 yr−1 and
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(0.5 − 1.6) × 10−6 M km s−1 yr−1 for the NE and SW lobes,
respectively, depending on the optical depth. We correct again
for hidden atomic material using 0.45−1 (column 3 in Table 1 in
DC07) and for projection effects, 0.47−1 (α = 0◦) and 0.89−1
(α = 30◦) (column 5 in Table 7 in DC07). We obtain cor-
rected values of momentum force of Fcorr = (2.0 − 21.6) ×
10−6 M km s−1 yr−1 and (1.2 − 7.9) × 10−6 M km s−1 yr−1 for
the NE and SW lobes, respectively, which we show in Table 4.
3.8.2. 3max method
The calculation of the dynamical time requires the maximum,
observed velocities and the length of the lobes. which we give
in Table 2. Although we determined the velocity for the red- and
blueshifted emission in each lobe, we will only use the larger
value of the respective lobe as there can only be one maximum
velocity which are 3′max = 3.6 km s−1 and 4.7 km s−1 for the
NE and SW lobes, respectively. We determine the dynamical
age by dividing the corresponding outflow length Rprojlobe by 3
′
max
which yields 3100 yr and 2500 yr for the NE and SW lobes,
respectively. However, these values provide only upper limits
since we do not correct for inclination. Given the age, we com-
pute the momentum force using Fvmax = Mobs · 3′max/tvmax. We
do not correct for hidden atomic material to avoid bias since
generally, it is not applied for other sources. But following the
approach of vdM13, we apply a correction factor from Cabrit
& Bertout (1992) which depends on inclination and takes into
account material at low velocities. We take the correction fac-
tor for i = 70◦ which is the highest inclination given. Hence,
we only obtain a lower limit since the outflow seems to be
more inclined as shown in Sect. 3.4. Cabrit & Bertout (1992)
give uncertainties on their correction factors which we give
as an uncertainty on our results. In this way, the momentum
force is Fcorrvmax = (0.04 − 0.13) × 10−6 M km s−1 yr−1 and
(0.2 − 0.4) × 10−6 M km s−1 yr−1 for the NE and SW lobes,
respectively, depending on optical depth (see Table 5).
4. Discussion
4.1. Continuum emission
The elliptical Gaussian fit performed on the continuum emission
map in the uv plane in Sect. 3.1 indicates a slight elongation of
the emission along a direction close to the axis of the outflow, but
this elongation may not be significant. Given the high inclination
of the system, seen nearly edge-on, a circumstellar disk would
manifest itself with a strong elongation perpendicular to the out-
flow axis. Therefore, we conclude that the dust component of
diameter ∼110 au detected with ALMA must represent the inner
parts of the collapsing envelope. After rescaling to the new dis-
tance of 192 pc, the mass of the envelope derived by Belloche
et al. (2011) is 2.36 M in a (rescaled) radius of 4800 au. If the
envelope has a spherical symmetry and the density profile is a
power law, then the mass we obtain in a radius of ∼55 au im-
plies a power-law index of about −1.5, which is reasonable for
a collapsing envelope and strengthens our interpretation that the
continuum source detected with ALMA corresponds to the inner
parts of the envelope. If a disk is present, then it must have a ra-
dius significantly smaller than ∼55 au. The unresolved residual
component of 2 mJy/beam reported in Sect. 3.1 may correspond
to such a disk, with a mass of ∼2×10−4 M if the emission is
optically thin but this unresolved residual component, as well as
the negative ring around, may simply be due to our use, for sim-
plicity, of a Gaussian function to fit the envelope emission while
Fig. 5. Integrated intensity maps toward Cha-MMS1
(black cross) of the high-velocity redshifted CO 3–2 gas
[15.0,21.8] km s−1 shown with red contours and the low-
velocity redshifted CO 3–2 gas [9.1,11.6] km s−1 shown in
greyscale and with black contours. The contour levels are −3σ,
3σ, 6σ, 12σ, and 24σ with σ = 0.7 mJy/beam km s−1 and
1.1 mJy/beam km s−1 for the emissions at high velocities and
low velocities, respectively. The green crosses K1-K6 mark the
positions at which the spectra in Figs. 3c-h were taken. The
HPBW is shown in the bottom left corner. The black cross
marks the position of the continuum peak.
it may have a power-law structure. The upper limit of 55 au to
the disk radius is consistent with the small disks predicted by
Hennebelle et al. (2016) for early circumstellar disks in collaps-
ing magnetized cores, in which the disk size is self-regulated by
magnetic braking and ambipolar diffusion.
4.2. Episodic ejections
Figures 3 and 5 show evidence for the presence of high veloc-
ity bullets in the outflow of Cha-MMS1, surrounded by slower-
moving material tracing the interface region of the outflow cavity
with the ambient medium. The bullets (K1-K6) manifest them-
selves as compact blobs in Fig. 5, finger-like elongations in the
PV diagrams shown in Figs. 3a-b, and peaks with wings extend-
ing to higher velocities in the spectra displayed in Figs. 3c-h.
The presence of bullets has been reported in other protostellar
outflows and suggests that the ejection phenomenon during the
protostellar phase is intermittent in nature (see e.g., Bachiller
1996). The presence of bullets in Cha-MMS1’s outflow therefore
suggests episodic ejections in this source. Plunkett et al. (2015)
also inferred intermittency in the outflow of the Class 0 protostar
SerpS-MM18 (which they call CARMA 7), and they derived a
timescale of ejections of 80–540 yr (not corrected for inclina-
tion) based on their PV diagrams. In our case, the knots seem to
be separated by ∼2′′ which translates into a time between two
knots of ∼20 yr given a distance of 192 pc and assuming a ve-
locity of ∼90 km s−1. This is only the case if the knots remain at
constant speed. However, in the PV diagrams in Fig. 3, we see
that only the bump closest to the centre K1 has this high velocity,
K2-K4 move more slowly. Plunkett et al. (2015) report a similar
behaviour of their outflow which they attribute to an increasing
entrainment of and hence, momentum transfer to ambient ma-
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Fig. 6. Channel map of CO 3–2 emission (red) at 5.7 km s−1
from Fig. C.1 overlaid by 13CO intensity (black) integrated from
4.9 km s−1 to 5.7 km s−1. The contour levels are -3σ, 3σ, 6σ,
12σ, 24σ, 48σ with σ = 1.8 mJy/beam and σ = 2.5 mJy/beam
for the CO and the 13CO intensity, respectively. The continuum
peak is marked with the yellow cross. The HPBW is shown in
the bottom left corner.
terial leading to the slow-down of the outflow itself. Machida
(2014) performed MHD simulations of protostellar outflows and
reported on the occurrence of intermittent jets but with more fre-
quent ejections every 1–2 yr. They ascribe the time-variability
of the jet to episodic accretion processes, which Plunkett et al.
(2015) quote as a reason, too.
4.3. Alignment with the filament
Belloche et al. (2011) show a 870 µm continuum emission map
of the Cha I region in which Cha-MMS1 is located. Remarkably,
the outflow axis is parallel to the filament. Using a sample of 45
sources Anathpindika & Whitworth (2008) found that 72% of
protostellar outflows are within 45◦ of being orthogonal to the
filaments in which the sources are embedded. However, based
on a slightly larger sample (57 protostars in Perseus), Stephens et
al. (2017) concluded that the distribution of outflow orientations
is more consistent with a random orientation or a mix of parallel
and orthogonal angles with respect to the filaments. Both studies
attribute the orientation of the outflows to different core forma-
tion processes (see both papers and references therein). Since
Stephens et al. (2017) observed a mix of orientations, they pro-
pose a combination of core formation mechanisms to take place
in the same cloud. We conclude from the results of these previ-
ous studies that the alignment of the Cha-MMS1 outflow with
the filament in which the protostar is embedded is not a seldom
phenomenon in star-forming regions.
4.4. Spatial extent of the outflow
The integrated intensity maps in Fig. 1a have revealed poorly
collimated redshifted emission (R1) at the tip of the SW lobe
and extended blueshifted emission (B1) which is even separated
from the lobe. The PV-diagram in Fig. A.1 reveals that the red-
shifted emission of the kinked part of the SW lobe has a simi-
lar morphology as the redshifted emission in Fig. 3b, while the
blueshifted emission seems to be a prolongation of the emis-
sion evident at 0–2 ′′ which presents another indication that B1
belongs to the outflow of Cha-MMS1. Regarding the channel
maps in Fig. C.1, these structures become only prominent at
low velocities, that is close to the systemic velocity. The sepa-
rated blueshifted structure may be part of an older ejection event
which has slowed down and broadened with time. Or it may even
present a remnant of the generally less collimated outflow occur-
ring during the FHSC phase. Another idea is that the blueshifted
emission may be a bow shock driven by Cha-MMS1 given its
orientation and structure. In any case, if the separated blueshifted
emission is part of the Cha-MMS1 outflow, the dynamical age
will increase to tvmax . 7400 yr considering the larger spatial
extent of ∼3300 au and a maximum velocity at the tip of the out-
flow of 3′max ∼ 2.1 km s−1 (see Fig. C.1) which are again not
corrected for inclination. On the contrary, tperp will not change
significantly since the intensity-weighted velocity and the radius
of the lobe remain approximately the same.
We cannot rule out that the outflow extends even beyond
the field of view observed with ALMA. Frank et al. (2014)
show how the outflow length of the Class I protostar B5-IRS1
was found to be much more extended than initially thought
once larger maps revealed outflowing emission at farther dis-
tances from the source (see their Fig. 9). However, no evidence
was found for a NE-SW outflow emanating from Cha-MMS1
in the CO 3–2 single-dish maps of Belloche et al. (2006) and
Hiramatsu et al. (2007).
4.5. Lobe misalignment and kink
In Fig. 1a, we have seen that the axes of the NE and SW lobes
have different position angles and that there is a kink within the
SW lobe itself. We compare this result to simulations done by
Ciardi & Hennebelle (2010) where they investigated the influ-
ence of a misalignment of the rotation axis to the magnetic field
on outflows. The large-scale magnetic field traced by infrared
polarimetry (McGregor et al. 1994) is roughly orthogonal to the
filament in which Cha-MMS1 is embedded. The outflow of Cha-
MMS1 is thus roughly perpendicular to this large-scale magnetic
field. The result presented in Fig. 2c of Ciardi & Hennebelle
(2010) closely resembles the case of the outflow of Cha-MMS1
where the NE lobe is stronger and more collimated than the SW
lobe. In this simulation, the rotation axis and the magnetic field
are misaligned by 70◦ which results in an opening angle of the
outflow of about 20◦ similar to what we measure for Cha-MMS1.
As a consequence of an increased misalignment, the outflow rate
decreases and hence, the protostar mass grows more rapidly.
Further, due to precession, also induced by the misalignment,
the NE and SW lobes may show different position angles. This
is however not clearly visible in Fig. 2c of Ciardi & Hennebelle
(2010). But they also state, that kinks as well as fragmentation
within the outflow lobes can be attributed to this precession.
These simulations may already explain the morphology of
the Cha-MMS1 outflow, however, there may also be another ex-
planation for the observed change in position angle within the
SW lobe itself. In a first scenario, the SW lobe may interact with
the material traced by the extended continuum emission detected
to the Southwest of Cha-MMS1 (see Fig. 1). If this material
is dense enough, it could deflect the jet which would result in
a change of position angle. The deflection of a jet component
was also proposed by Reipurth et al. (1996) to explain the pres-
ence of the HH flow HH 110. Since they could not associate a
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protostellar source to it, they suggest that this HH object and a
second nearby one, HH 270, belong to the same lobe of an out-
flow driven by the Class I protostar IRAS 05489+0256 (see their
Figs. 3 and 4). When they do this connection, they have to ex-
plain a change in position angle and proposed the deflection of
the jet by a dense cloud core. Raga et al. (2002) performed nu-
merical simulations to test this scenario. They found that a jet
with a speed of 300 km s−1 disperses the cloud with which it
interacts in less than 1000 yr assuming a cloud-to-jet density of
100. To increase the timescale, they introduce precession of the
jet to alternate the impact position and thus, slow-down the de-
struction of the cloud to a timescale of ∼3000 yr. We calculate
the density of the continuum where the SW lobe of the Cha-
MMS1 outflow changes direction. Given a peak flux density of
4×10−4 Jy/0.47′′ beam which translates into an H2 column den-
sity of ∼5×1022 cm−2 assuming κ = 0.02 cm2 g−1 and an exci-
tation temperature of 10 K, we obtain a mean particle density of
∼107 cm−3 which should be sufficient to deflect the lobe. Both
scenarios described by Raga et al. (2002) could apply to Cha-
MMS1 since on the one hand, we cannot exclude precession of
the outflow, and on the other hand, the Cha-MMS1 outflow may
be younger than 1000 yr which means that we would still be able
to observe the deflection.
4.6. The surroundings of Cha-MMS1
Another possibility for the morphology of the SW lobe is that
there is a second outflow driven by a different source. Since we
find no evidence for another protostar close by which could be
responsible for a second outflow, we searched for candidates
on larger scales. We investigated the Spitzer data reported by
Luhman (2008) where several young stellar objects are present
(see his Fig. 8). The closest are IRS 2, IRS 4, and the Class I
binary system IRS 6. IRS 6 is approximately located along the
direction of the arrow D3 shown in Fig. 1a. If one companion
or both drive an outflow whose position angle coincides with
that of the kinked SW outflow which we observe, it may show
the region of interaction. However, there is no large-scale out-
flow emission associated with IRS 6, hence, the only possibility
may be an atomic outflow turning molecular when interacting
with the Cha-MMS1 outflow. However, this is unlikely given the
location of IRS 6 in the filament in which Cha-MMS1 is also
embedded.
We have shown the outflow emission associated to the
Class 0 protostar IRS 4 in Fig. 1c. Ladd et al. (2011) discuss the
interaction of this outflow with the Cha-MMS1 core. They sug-
gest that the axis of the IRS 4 outflow is almost in the plane of
the sky with a wide opening angle which results in blue- and red-
shifted emission on either side of the central source. This is also
evident in the maps of Hiramatsu et al. (2007) who show similar
maps as Belloche et al. (2006) and as in Fig. 1c except that their
field of view extends more to the North revealing no clear bipolar
structure around IRS 4. In order to link the IRS 4 outflow with
the redshifted HH objects HH 49/50 which are located ∼0.5 pc
to the Southwest of IRS 4 (Ladd et al. 2011), they suggest that
the lobe passing by Cha-MMS1 interacts with it where only the
blueshifted part glances off and gets deflected while the red-
shifted part continues undisturbed. Consequently, the blueshifted
outflow emission which initially moves southwestward turns to
the Southeast (cf. dashed blue contours in Fig. 1c). In that way,
the redshifted emission of the IRS 4 outflow may be connected
to the redshifted Herbig Haro objects HH 49/50. Before, Bally
et al. (2006) excluded IRS 4 as the driving source of these HH
objects because of the discrepancy of blue- and redshifted emis-
sion of the IRS 4 outflow and HH 49/50. In turn, they assigned
them to Cha-MMS1. Based on our detection of the outflow and
given its position angles, we exclude Cha-MMS1 to be respon-
sible for HH 49/50 but support Ladd et al. (2011) who attribute
it to IRS 4.
Ladd et al. (2011) also debate the influence of the Class II
protostar IRS 2 on the Cha-MMS1 dense core. It may not have a
major impact on the Cha-MMS1 outflow but Ladd et al. (2011)
argue that a wind is pushed by IRS 2 toward Cha-MMS1 com-
pressing the gas and heating it. They also associate the Ced 110
reflection nebula with the Class II protostar. We think, though
IRS 2 seems to illuminate the nebula, its u-shape suggests that it
is created by another wind or jet which originates from a source
farther in the Northwest. The axis along the assumed direction
of motion of this jet or wind through the u-shaped nebula then
passes south of IRS 2 and may reach to the SW lobe of the Cha-
MMS1 outflow, maybe causing the kink in the SW lobe if it is
strong enough.
Bally et al. (2006) show large-scale images of the Cha I
region including all HH objects. In their Fig. 4, one sees Cha-
MMS1 as well as IRS 4, IRS 6, IRS 2, and several HH objects
in their surroundings. Here, it is apparent that HH 49/50 do not
coincide with the outflow of Cha-MMS1. In the background, the
reflection nebula is evident, as well. According to our sugges-
tion of a more northeasterly located source driving a jet which
is responsible for the u-shaped nebula, HH 48 may be a possible
candidate. The small-scale structure shown by Wang, & Henning
(2006) however, makes HH 48 a less likely candidate due to its
orientation.
Furthermore, we want to mention two other objects in this
figure of Bally et al. (2006) which are HH 929 and HH 936.
These two objects are located not far from the prolonged axes of
the NE and SW lobes of the Cha-MMS1 outflow, respectively.
This means that if the outflow of Cha-MMS1 is indeed spatially
more extended than what we see based on our ALMA obser-
vations, these two objects might denote the end of a large out-
flow driven by Cha-MMS1. However, the axes of the NE and
the kinked SW lobe miss the locations of the two HH objects by
approximately 10◦, respectively, which means that the outflow
must have wandered to a greater extent.
4.7. Comparison to other Class 0 and Class I outflows
As there exist various methods of determining the momentum
force, results for one source can vary by more than an order of
magnitude (vdM13). Hence, it is rather difficult to make reason-
able comparisons between different sources using results pub-
lished separately. Former studies (e.g. Cabrit & Bertout 1992;
Bontemps et al. 1996; Hatchell et al. 2007, vdM13) however
worked out relations between bolometric luminosity Lbol, enve-
lope mass Menv, and momentum force FCO which show evolu-
tionary trends from a Class 0 to a Class I protostars. It is widely
believed that the outflow and the luminosity are both generated
by the same process, that is accretion of matter originating from
the surrounding envelope. These correlations make the three pa-
rameters indicators of the evolutionary stage of the protostar.
Figure 7 shows recent results of vdM13 where they combined
data from various studies. Class 0 protostars are encircled. To
make a meaningful comparison with the results of vdM13, we
have calculated the momentum force using the 3max method and
applied the correction factors from Cabrit & Bertout (1992) just
as vdM13 in their paper (cf. Sect. 3.8.2). The results for Cha-
MMS1 are shown in red. The envelope mass of Cha-MMS1
Menv = 2.36 M (Belloche et al. 2011, corrected for the new
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Fig. 7. Correlation plots for (a) FCO and Menv, (b) FCO and Lbol, and (c) Menv and Lbol adapted from vdM13. Diamond symbols are
from their study, triangles from Cabrit & Bertout (1992) and filled circles from Hogerheijde et al. (1996). The Class 0 protostars are
encircled. The dashed lines indicate their best fit. The results for Cha-MMS1, GF 9–2 (Furuya et al. 2019), B1b-N, and B1b-S (Gerin
et al. 2015) are shown in red, green, blue, and orange, respectively. The error bars on the total momentum force of the outflows
represent the uncertainty on the inclination correction adapted from Cabrit & Bertout (1992). The error bars on the luminosity and
the mass of Cha-MMS1 correspond to the range derived by Tsitali et al. (2013) and an uncertainty of a factor of 2 (Belloche et al.
2011), respectively. The results for Cha-MMS1 correspond to the optical depth case τ12 = 5.
Table 5. Outflow properties of B1b-N, B1b-S, GF 9–2, and Cha-MMS1 derived with the 3max method.
Source Lobe 3′max
a Rprojlobe
b tvmaxc Mobsd Fcorrvmax
e M˙out f
(km s−1) (103 au) (kyr) (10−3 M) (10−6 M km s−1 yr−1) (10−7M yr−1)
B1b-N1 Red 4.0 0.6 0.7 0.4 0.7
+0.08
−0.08 5.7
Blue 4.5 1.3 1.4 1.2 1.2+0.15−0.13 8.6
B1b-S1 Red 6.6 3.3 2.4 1.9 2.2
+0.27
−0.24 7.9
Blue 7.6 3.0 1.9 3.0 5.4+0.66−0.59 16
GF 9–22 NE 3.5 2.7 3.6 0.09 0.09
+0.09
−0.04 0.3
SW∗ 7.8 6.0 3.6 3.4 8.3+8.2−4.1 9.4
Cha-MMS1∗∗ NE 3.6 2.4 3.1 0.03–0.10 0.04
+0.04
−0.02–0.13
+0.13
−0.06 0.1–0.3
SW 4.7 2.5 2.5 0.10–0.17 0.2+0.2−0.1–0.4
+0.4
−0.2 0.4–0.7
Notes. (1) Gerin et al. (2015). (2) Furuya et al. (2019). (a) Maximum observed velocity 3′max = |3max − 3sys|; not corrected for inclination.(b) Projected
length of a lobe. (c) Dynamical age tvmax = R
proj
lobe/3
′
max.
(d) Observed outflow mass. (e) Momentum force Fcorrmax = Mobs · 3′max/tvmax. The error only
includes the uncertainty on the correction factor from Cabrit & Bertout (1992). (i) Outflow rate M˙out = Mobs/tvmax.
(∗) The SW lobe contains three components for which we report the maximum observed length and velocity and the sum of the masses, momentum
forces, and outflow rates.
(∗∗) The ranges given for Mobs, Fcorrvmax, and M˙out for Cha-MMS1 are based on the two optical depth assumptions for CO (τ12 << 1 and τ12 = 5).
distance) is comparable to those of Class 0 protostars shown in
Fig. 7a. Belloche et al. (2011) assume an uncertainty on the mass
of at least a factor of 2 which we use as an error bar. The mo-
mentum force of the Cha-MMS1 outflow however lies 1–2 or-
ders of magnitude below the momentum forces of these Class
0 protostars, depending on optical depth. As for the bolomet-
ric luminosity, we use the values of Tsitali et al. (2013) who
worked out the internal luminosity of Cha-MMS1 at a distance
of D = 150 pc and for an inclination of 45◦ < i < 60◦. We cor-
rect their values for the most recent distance of Cha-MMS1 and
find Lint = 0.13− 0.29 L. However, it could well be higher con-
sidering the higher inclination of Cha-MMS1. From this range,
we assume an internal luminosity of Lint ≈ 0.2 L. Cha-MMS1
thus is at the lower end of the Class 0 luminosity range shown in
Fig. 7b where we give the above luminosity range as the uncer-
tainty. Due to its lower luminosity and its envelope mass which
is comparable to other Class 0 protostar, Cha-MMS1 manifests
itself in the upper left corner in the Menv–Lbol plot in Fig. 7c. The
low luminosity may partly be explained by the high inclination
when there is a disk of material which is oriented perpendicu-
lar to the jet axis and is efficiently obscuring the central core
(Bontemps et al. 1996). The rather small values of momentum
force may result from Cha-MMS1 being an extremely young
Class 0 protostar and maybe, the outflow has not been brought to
full power yet (Smith 2000; Hatchell et al. 2007). In Sect. 3.8.2,
we discussed that the values found for the momentum force us-
ing the 3max method only present a lower limit since the incli-
nation seems to be higher than 70◦ for which we have corrected
the results. We have found values which are one to two orders
of magnitudes smaller than those found with the perpendicular
method in Sect. 3.8.1. However, the results for momentum force
from the perpendicular method are still lower than momentum
forces of other Class 0 protostars.
4.8. Evolutionary stage of Cha-MMS1
With ALMA we have been able to detect a bipolar outflow as-
sociated with Cha-MMS1 as the driving source with which we
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can finally draw a conclusion on the evolutionary stage of the
young stellar object. Even without applying any inclination cor-
rections we detect outflow velocities up to ∼17 km s−1, well
above ∼5 km s−1, which is clearly visible in the PV diagram
in Fig. 3 and the channel maps in Fig. C.1. This is already in-
consistent with FHSC outflow speeds predicted by numerical
simulations (e.g., Commerc¸on et al. 2012; Machida et al. 2008)
and implies that Cha-MMS1 has already left the FHSC phase
and entered the Class 0 phase. When we correct for inclination
we determine maximum outflow velocities as high as at least
90 km s−1 for a likely conservative value of the inclination of
79◦.
Commerc¸on et al. (2012) also showed that a first core can
be detected at 24 µm and 70 µm if the source is inclined by less
than 60◦ to the line of sight. However, if a source at the FHSC
stage is inclined by more than 60◦ it cannot be detected at these
wavelengths over its whole lifetime since most of the radiation
emanating from the first core is reprocessed by the surrounding
envelope. We find that the axis Cha-MMS1’s outflow lies almost
in the plane of the sky implying that it should not be observable
at 24 µm and 70 µm if it were in the FHSC stage. The fact that
Belloche et al. (2006) detected Cha-MMS1 at these wavelengths
supports the presumption of it not being a FHSC but in a more
evolved state, that is a Class 0 protostar.
In Sect. 1 we have introduced the dense cores B1b-N and
B1b-S where the former seems to be a FHSC while the latter
is proposed to be already in a more evolved state (Gerin et al.
2015). The properties of the outflows are summarised in Table 5
where, based on the observed properties found by Gerin et al.
(2015), we compute the momentum force in the same way as
we have done it for Cha-MMS1 in Sect. 3.8.2 except that we use
the correction factor from Cabrit & Bertout (1992) for i = 50◦
since the blue- and redshifted outflow emission of B1b-N and
B1b-S are well separated. The momentum forces of B1b-N and
B1b-N are larger than those found for Cha-MMS1. Their ranges
of results are indicated in blue (B1b-N) and orange (B1b-S)
in Fig. 7. The total observed outflow mass of Cha-MMS1 is
smaller by an order of magnitude compared to both, B1b-N and
B1b-S. Based on the 3max method, the dynamical age of the
Cha-MMS1 outflow seems to be comparable to that of B1b-S
while being slightly higher compared to B1b-N. The internal
luminosity Lint = 0.2 L of Cha-MMS1 lies in between the
luminosities of B1b-N and B1b-S (0.15 L and 0.31 L) while
the envelope mass is higher compared to that of B1b (0.36 M)
(Hirano & Liu 2014).
Another recent study by Furuya et al. (2019) reports on
the detection of an outflow driven by the Class 0 protostar
GF 9–2. Furuya et al. (2019) determine the outflow properties
using a distance of 200 pc but more recent results suggest
a larger distance of 474 pc (Zucker et al. 2019, C. Zucker
priv. comm.). We rescale their results and show them in Table 5.
After rescaling, the SW lobe of the GF 9-2 outflow shows the
largest spatial extent in this sample. The dynamical age is only
slightly higher compared to Cha-MMS1. Furuya et al. (2019)
uses two excitation temperatures to derive the outflow mass
where we will compare to the values at T = 22.6 K. Though the
mass of the NE lobe is significantly smaller than that of the SW
lobe, the total mass of the GF 9-2 outflow is roughly an order of
magnitude higher than the mass of the Cha-MMS1 outflow. We
determine the momentum force using the 3max method and apply
the correction factor from Cabrit & Bertout (1992) for i = 70◦ to
the results since Furuya et al. (2019) find an inclination of ∼65◦
from SED modelling. The results for GF 9–2 are shown in green
in Fig. 7. The momentum force of the GF 9-2 outflow is roughly
an order of magnitude higher than the value obtained for the
outflow of Cha-MMS1. However, they assume only optically
thin emission and due to the ambiguous morphology of the
outflow, it could also be inclined as highly as Cha-MMS1 which
would in principle increase the momentum force. In Fig. 7,
we use the internal luminosity and envelope mass adopted by
Maury et al. (2019) from Wiesemeyer (1997) for a distance of
200 pc, ∼0.3 L and ∼0.5 M, and rescaled them to the new
distance (1.7 L and 2.8 M).
All three sources show rather small values of momentum
force compared to the other Class 0 protostars in Fig. 7. This
may be the result of the sources being extremely young Class 0
protostars (or a FHSC in the case of B1b-N) so their outflows
have not come to full power, yet. Bontemps et al. (1996) suggests
an outflow rate of ∼10−6 M yr−1 for young Class 0 protostars.
All sources introduced here show a lower rate of a few times
10−8 M yr−1 to a few times 10−7 M yr−1 which may support
the hypothesis that their outflows are not yet fully developed.
Admittedly, the derived properties of the Cha-MMS1 out-
flow contradict the predictions of a FHSC but agree with those
of a young Class 0 protostar. The comparison to other young
Class 0 protostars and a promising FHSC candidate supports the
classification of Cha-MMS1 as a young Class 0 protostar rather
than a FHSC.
5. Conclusion
We observed Cha-MMS1 at high angular resolution in CO 3–2
and 13CO 3–2 emission and in continuum emission at ∼900 µm.
The goal of the project was to search for a slow small-scale out-
flow to probe if Cha-MMS1 is at the stage of the first hydrostatic
core. The ALMA observations reveal a bipolar outflow clearly
associated with Cha-MMS1 as the driving source. Our main re-
sults are the following:
1. The continuum emission detected at small scale originates
from the inner parts of the Cha-MMS1 protostellar envelope.
No direct evidence for a disk was found and we derived an
upper limit to the disk radius of 55 au.
2. The two lobes are oriented in the northeast southwest direc-
tion and both show blue- as well as redshifted emission indi-
cating that the system is seen nearly edge-on. Given its high
inclination, Cha-MMS1 should not be visible at 24 µm if it
were a FHSC according to MHD simulations, while it was
detected by Spitzer at this wavelength.
3. In the spectra, we observe maximum velocities of
∼16.4 km s−1 and ∼10.6 km s−1 in the NE and SW lobes,
respectively, which even without correction for inclination
are already inconsistent with the low velocities (<5 km s−1)
predicted by MHD simulations for FHSC outflows.
4. We find an observed outflow mass of 3×10−4 M which is at
least an order of magnitude lower compared to other Class 0
protostars. However, correcting for hidden atomic material
and material at low velocities, the mass increases by a factor
∼4.5.
5. We determine the dynamical age and momentum force of
the outflow using two different methods. With the perpen-
dicular method, we obtain ages of ∼200 yr while with the
3max method we get an upper limit of ∼3000 yr. We derive a
total momentum force of (1.6 − 3) × 10−5 M km s−1 yr−1
using the perpendicular method which is approximately two
orders of magnitude higher than the value obtained with the
3max method which is ∼ 5 × 10−7 M km s−1 yr−1.
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6. Compared to outflows of more evolved Class 0 protostars,
the outflow of Cha-MMS1 has a much smaller momentum
force. However, the result is similar to momentum forces
of protostars with similar dynamical age, such as GF 9–2
or B1b-S (and B1b-N), suggesting that these young Class 0
protostars have not yet brought their outflows to full power.
Based on these characteristics, we conclude that Cha-MMS1
is not a FHSC but has already entered the Class 0 protostar
phase. Assuming that the outflow is not more extended than what
we observe with ALMA, the outflow may be one of the youngest
ever observed with a dynamical age of 200–3000 yr.
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Appendix A: PV diagram of R1 and B1
Fig. A.1. CO 3–2 position-velocity diagram along the arrow la-
beled D3 shown as a green dashed arrow in Fig. 1a. The posi-
tion axis originates from the start of the arrow in Fig. 1a. The
intensity is smoothed over 5 channels. The contours are −12σ,
−6σ, −3σ, 3σ, 6σ, 12σ, 24σ, and 48σ with σ = 2.0 mJy/beam.
The red and blue dashed lines show the inner integration lim-
its while the black dashed line indicates the systemic velocity of
Cha-MMS1.
Appendix B: Uncertainties
B.1. Inclination
The overlap between the red- and blueshifted emission suggests
that the outflow of Cha-MMS1 has an axis close to the plane of
the sky with an inclination i between 79◦ and 101◦. However,
it is also possible that the inclination is smaller than our results
suggest. The channel maps in Fig. C.1 and C.2 indicate that the
outflow becomes broader at velocities close to the systemic ve-
locity. In Fig. 6 this indication is evident, too. Here, we overlay
the CO emission of the channel at 5.7 km s−1 taken from the
channel maps in Fig. C.1 and the 13CO emission integrated in
the range [4.9,5.7] km s−1. This broadening would result in a
larger opening angle and hence, increase the range of possible
inclinations. This increase in opening angle with decreasing ve-
locity has also been seen in early studies of other protostellar
outflows (e.g., Bachiller et al. 1990). However, in the case of
Cha-MMS1, this broadening is only seen after the kink noticed
in the SW lobe, so it may result from the process which gen-
erates this kink and does not trace the intrinsic property oft the
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outflow as driven by Cha-MMS1. This is the reason why we did
not take this broad width as the characteristic width of the out-
flow to estimate its inclination in Sect. 3.4.
B.2. Momentum force
We calculated the dynamical time and the momentum force of
the outflow using two different methods where the results ob-
tained from the perpendicular method are higher than those ob-
tained from the 3max method by approximately an order of mag-
nitude. Based on the discussion in DC07, we claim that the per-
pendicular method gives the more reliable estimates because the
required parameters, which are the intensity-weighted velocity
and the radius of the lobe, depend only minorly on inclination.
On the contrary, the maximum outflow velocity and the length
along the axis of the outflow as used in the 3max method strongly
depend on inclination. To account for the inclination in the 3max
method, we applied a correction from Cabrit & Bertout (1992)
for i = 70◦ because this is the highest inclination for which they
give the correction factor. Hence, we obtain only a lower limit
for the momentum force. Further, in order to determine the maxi-
mum velocity for the 3max method, one needs to evaluate whether
the highest velocities really trace the bulk of the outflow or bul-
lets.
B.3. Opacity and outflow mass
Both methods consider the outflow mass which we derived from
integrated intensities. The conversion factor K depends on the
excitation temperature for which we assume 30 K. However, it
would change by less than a factor of 2 for temperatures of 50 K
or 20 K. Whatever method is used, another uncertainty results
from the optical depth. To account for the high optical depths
at the inner velocity cut-offs, we use the 13CO emission until a
certain threshold and correct for optical depth wherever it is pos-
sible3. We do not determine a correction for channels in which
the intensity ratio of the isotopologues is smaller than 1, which
may underestimate the intensity in these channels. Beyond the
13CO intensity threshold, we add the 12CO emission where we
consider two cases, optically thick (τ12 = 5) and thin (τ12 << 1)
CO emission. In that way, the results span a range in which the
true mass and momentum force of the outflow should lie. The
maximum recoverable scale of our observations is ∼7′′. The out-
flow lobes are significantly narrower than this (∼2–3′′) so the
outflow emission is not expected to be much affected by spatial
filtering. 12CO outflow emission close to the systemic velocity
of the source is likely hidden behind optically thick, larger-scale
envelope emission filtered out by the interferometer, and thus
cannot trace the outflow well, but our strategy to use 13CO in
the cases where 12CO is optically thick should reduce the im-
pact of this on our estimates of the outflow mass and momentum
force. Additionally, the mass and momentum force may still be
underestimated when molecular dissociation is not considered
(DC07). Only in the case of the perpendicular method, we al-
low for more undetected atomic gas by applying the correction
factor introduced by DC07. We do not apply this correction to
the results from the 3max method, in order to make more reli-
able comparison to other sources for which these factor was not
applied either.
Further, independently of the methods, we integrate inten-
sities within fixed velocity intervals. Though we use the 13CO
3 We tested that using only 12CO yields masses and momenta under-
estimated by factors 1.1–5 depending on the lobe.
emission to account for material closer to 3sys and though we ap-
ply a correction factor to take into account missing material at
velocities close to 3sys, we may still miss some material at low
velocities. Figure 6 shows that the outflow emission gets less
collimated at low velocities. However, the choice of the outer
velocity cut-offs does not introduce large uncertainties to the in-
tegrated intensities since most of the emission is found at lower
velocities.
B.4. Outflow radius
In Fig. 6 we have seen that the outflow is less collimated at
low velocities which results in a larger outflow radius Wlobe.
We determined Wlobe at the lowest possible velocity showing the
largest radii. But if the true radius is even larger, the quantities
computed from the perpendicular method of DC07, that is dy-
namical age tperp and momentum force Fperp, will increase and
decrease, respectively.
B.5. Contamination from IRS 4
In the special case of Cha-MMS1, there is emission originating
from the nearby Class I protostar Ced 110 IRS 4 and its outflow
which might contaminate the emission of CO 3–2 (Belloche et
al. 2006; Hiramatsu et al. 2007; Tsitali et al. 2013). We have
shown the outflow emission of IRS 4 in Fig. 1c and the larger-
scale emission at velocities close to 3sys probably tracing ambi-
ent material of the filament in Fig. 1d. While the emission of
the IRS 4 outflow may in principle contaminate our observa-
tions, most of the large-scale emission appears to be filtered by
ALMA and the morphology of the emission detected close to
Cha-MMS1 is undoubtedly originating from Cha-MMS1 itself.
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Appendix C: CO and 13CO channel maps
Figure C.1 shows the CO 3–2 channel maps smoothed over 8 channels (0.88 km s−1) which cover a velocity range from 22.6 km s−1
to −7 km s−1. Figure C.2 shows the 13CO 3–2 channel maps which cover a velocity range from 2.6 km s−1 to 6.2 km s−1.
Fig. C.1. Velocity-channel maps of the CO 3–2 emission toward Cha-MMS1. The cross marks the peak continuum position. Each
map is averaged over eight channels corresponding to ∼ 0.88 km s−1 with the central velocity shown in km s−1 in the upper left
corner. The contour steps are −12σ, −6σ, −3σ, 3σ, 6σ, 12σ, 24σ, and 48σ with σ = 1.8 mJy/beam. The light blue contours
represent the negative levels. The primary beam (black circle) and the synthesized beam (red ellipse) are shown in the upper left
panel. The red and blue contours represent the masks used for the mass calculation (see Sect. 3.6). The maps are not corrected for
primary beam attenuation. The systemic velocity is 3sys = 4.43 km s−1 (Belloche et al. 2006).
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Fig. C.2. Velocity-channel maps of the 13CO 3–2 emission toward Cha-MMS1. The cross marks the peak continuum position. The
central velocity is shown in km s−1 in the upper left corner. The contour steps are −6σ, −3σ, 3σ, 6σ, 12σ, 24σ, and 48σ with
σ = 4.7 mJy/beam. The light blue contours represent the negative levels. The primary beam (black circle) and the synthesized beam
(red ellipse) are shown in the upper left panel. The maps are not corrected for primary beam attenuation. The systemic velocity is
3sys = 4.43 km s−1 (Belloche et al. 2006).
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